Cr 3 Al shows semiconductor-like behavior which has been attributed to a combination of antiferromagnetism and chemical ordering of the Cr and Al atoms on the bcc sublattice. This article presents a detailed theoretical and experimental study of the chemical ordering in Cr 3 Al. Using density functional theory within the KorringaKohn-Rostoker (KKR) formalism, we consider five possible structures with the Cr 3 Al stoichiometry: a bcc solid solution, two-phase C11 b Cr 2 Al + Cr, off-stoichiometric C11 b Cr 3 Al, D0 3 Cr 3 Al, and X-phase Cr 3 Al. The calculations show that the chemically ordered, rhombohedrally distorted X-phase structure has the lowest energy of those considered and should, therefore, be the ground state found in nature, while the D0 3 structure has the highest energy and should not occur. While KKR calculations of the X phase indicate a pseudogap in the density of states, additional calculations using a full potential linear muffin-tin orbital approach and a plane-wave technique show a narrow band gap. Experimentally, thin films of Cr 1−x Al x were grown and the concentration, growth temperature, and substrate were varied systematically. The peak resistivity (2400 μ -cm) is found for films with x = 0.25, grown epitaxially on a 300
I. INTRODUCTION
Alloys and compounds made of metallic elements are generally expected to be metallic, and indeed most are. However, some such compounds are semiconducting or semimetallic, such as RuAl 2 and Fe 2 VAl. 1 In theory, any compound with an even number of valence electrons in the primitive unit cell can be semiconducting because the electrons can completely fill the valence band. Transition metals usually have several overlapping d-like bands at the Fermi energy (E F ), so even in compounds with an even number of electrons typically several bands are partially filled. For an intermetallic compound to be semiconducting, hybridization must shift the bands in a fortuitous way, leaving a gap at E F .
When intermetallic compounds do have a gap at E F , they are the subject of significant study. The gap can be exploited for applications, for example, intermetallic semiconductors are attractive for thermoelectric devices due to their typically small gaps and large Seebeck coefficients (e.g., ZrNiSn). 2, 3 In ferroor ferrimagnetic compounds, the gap is generally asymmetric with spin; if a gap occurs at E F for one spin but not the other, the result is a half-metal (e.g., Co 2 MnAl). 4 Half-metals are important for spintronics applications such as spin transistors and nonvolatile logic.
Cr 1−x Al x , with x = 0.15-0.26, shows semiconductor-like electronic behavior. Our photoemission study showed a narrow gap or pseudogap in a Cr 0.80 Al 0.20 thin film. 5 A maximum resistivity of 3600 μ -cm occurs in bulk, with a negative temperature coefficient of resistivity. 6, 7 In addition, a large Hall coefficient and a small electronic specific heat are observed; 6, 8 these are all hallmarks of semiconducting behavior. The maximum resistivity and Hall coefficient and minimum electronic specific heat all occur around x = 0.25. Cr 1−x Al x is antiferromagnetic for x = 0-0.50, with a plateau in the magnetic susceptibility also at x = 0.25. [9] [10] [11] This suggests that an ordered Cr 3 Al structure may be responsible.
The nature of any gap in Cr 3 Al is currently of interest. The experimental results in the literature are suggestive of either a semimetal or a degenerate semiconductor. A full, semiconducting gap might suggest further study of Cr 3 Al as a potential thermoelectric material. In addition, recent theoretical work has predicted that Cr 3 Al with a binary Heusler (D0 3 ) ordering is almost completely spin polarized and that Mn-doped D0 3 Cr 3 Al would behave as a true half-metal with applications in spintronics. 12 While no evidence of D0 3 ordering has been shown in Cr 3 Al, the Cr-Al phase diagram is not well established. Thus, a study of the nature of a gap in Cr 3 Al and how it is affected by chemical ordering is warranted.
Recent work by our group showed that both antiferromagnetism and chemical ordering are necessary for the semiconductor-like behavior in Cr 1−x Al x to occur. Two film samples were presented, both antiferromagnetic, but with different electronic properties. The films were grown at different temperatures so that one was metallic and one nonmetallic, attributed to differences in chemical ordering of Cr and Al on the bcc sublattice. 13 The current paper explores the issue of chemical ordering in Cr 3 Al more deeply, with density functional theoretical calculations considering five possible structures with the Cr 3 Al stoichiometry and a systematic study of thin-film growth of Cr 1−x Al x , varying concentration, growth temperature, and substrate. Our results support the proposed Cr-Al phase diagram and show that D0 3 ordering is unlikely to occur. We also show how the antiferromagnetic X-phase structure explains the observed electronic transport behavior and find that a perfect crystal of X-phase Cr 3 Al should have a complete band gap. 
II. BACKGROUND
The structural Cr-Al phase diagram is not clear. Based on xray diffraction (XRD), Koster et al. 10 created a phase diagram of Cr 1−x Al x in 1963. Koster's phase diagram, reproduced in Fig. 1(a) , shows a bcc solid solution (α) as the stable phase from x = 0 to x = 0.26. The C11 b Cr 2 Al (β) phase is shown for x = 0.29-0.34 and a two-phase region is shown between x = 0.26-0.29. Koster et al. suggested that a Cr 3 Al ordered compound may exist due to the nonlinear dependence of magnetic susceptibility on x but found no evidence for it upon XRD and did not include it in the phase diagram.
In 1981, den Broeder et al. saw evidence in transmission electron microscopy (TEM) diffraction patterns for an ordered Cr 3 Al structure at temperatures below 400
• C. 14 They observed additional diffraction spots which could be interpreted as superlattice spots. They proposed an ordered phase, called the X phase, for x = 0.19-0.26, with a low 400
• C phase boundary. The updated phase diagram, taken from Murray's 1998 phase diagram evaluation, is shown in Fig. 1(b) . 15 According to dark-field imaging, the X-phase ordering occurs in small, 1-to 3-nm domains, even within a large bcc crystallite. The roughly 400
• C phase boundary was suggested because annealing at temperatures of 400
• C or above did not improve the size of the crystallites.
14 Such a low temperature phase boundary can impede long-range order because the low atomic mobility requires extremely long annealing times to achieve ordering. Thus, the X phase observed by den Broeder et al. is best described as short-to medium-range order.
Based on first-order diffraction spots, the authors suggested that the X phase was a rhombohedral structure with eight atoms in the unit cell. Because no higher order diffraction spots were observed, they could not be conclusively attributed to a specific structure and thus Cr 3 Al and Cr 5 Al 3 were both suggested as candidates for the X phase. For the purposes of this work, we consider the Cr 3 Al structure due to the observed anomalous behavior peaking at x = 0.25. The X phase is still considered speculative because it has only been observed once.
The proposed phase diagram in Fig. 1(b) shows, for the Cr 3 Al composition, three solid phases occurring in different temperature ranges. The X phase is stable below 400
• C, the C11 b Cr 2 Al + bcc Cr two-phase system is stable from 400
• to 800
• C, and the bcc solid solution is stable above 800
• C until melting.
Another structure worthy of consideration is the binary Heusler (D0 3 ) structure. The Heusler structure is commonly seen for compounds with a transition metal:main group element ratio of 3:1. Heusler compounds have a standard electronic band structure with a band gap between the twelfth and the thirteenth bands, so that compounds with a total number of valence electrons Z = 24 are semiconducting or semimetallic (e.g., Fe 2 VAl), and many compounds with more or less electrons are predicted to be half-metallic (e.g., Co 2 MnAl). The semiconductor-like behavior in Cr 3 Al is reminiscent of the behavior in Heusler-structure Fe 2 VAl, but cannot be explained by the Heusler structure because Z = 21 for Cr 3 Al. However, theoretically, Heusler Cr 3 Al may be desirable as a potential half-metal. 12 Although D0 3 Cr 3 Al does not appear in the currently available Cr-Al phase diagrams, it might be reasonable to expect it to be formed under certain growth conditions.
We explore here the three structures shown in the proposed phase diagram: a bcc solid solution, a C11 b Cr 2 Al + bcc Cr two-phase system, and an X-phase Cr 3 Al structure. Also included are an off-stoichiometric C11 b Cr 3 Al structure, which we see experimentally for films grown at 500-600
• C (above the proposed X-phase transition temperature), and the common D0 3 structure.
A. bcc Cr
Cr occurs in the bcc structure shown in Fig. 2(a) This structure occurs when Al is added to the bcc Cr system and the Al atoms are placed randomly on the lattice sites. The lattice constant is increased slightly because the atomic radius of Al is larger than that of Cr. 6 This structure is shown in Fig. 2(b) .
C. C11 b Cr 2 Al
The C11 b Cr 2 Al structure is layered along the bcc (001) planes, so that there are alternating layers (Cr, Cr, Al, Cr, Cr, Al, etc.). Thus the unit cell consists of essentially three bcc unit cells, with six atoms per Cr 2 Al unit cell. The layering creates a 4% tetragonal distortion. 10 The C11 b Cr 2 Al structure is shown in Fig. 2(c) .
The Although single-phase C11 b does not appear for the Cr 3 Al stoichiometry in the phase diagram, we observe it experimentally. In this case, the C11 b Cr 2 Al structure has the additional Cr atoms substituted randomly onto Al sites (i.e., Cr 2 (Al 1−δ Cr δ ), where δ = 0.25 for the Cr 3 Al stoichiometry). The C11 b Cr 3 Al structure is shown in Fig. 2 
(d).

E. D0 3 Cr 3 Al
We include the binary Heusler structure (D0 3 ), although it does not appear in the phase diagram, because so many other bcc transition metal-Al alloys take this form. The full Heuslers have an A 2 BD structure, where A and B are transition metals and D is an sp element. The atoms occupy the sites of a bcc lattice with an L2 1 ordering. For binary Heuslers (A 3 D), atom A occupies two distinct sites and can be thought of as A(I) 2 A(II)D (e.g., Fe 3 Si).
The D0 3 ordering can be seen as four interpenetrating fcc lattices, thus the primitive unit cell contains four atoms. In Fig. 2 (e), Cr(I) occupy the body centers of the cube, while Cr(II) and Al occupy alternating cube edges. Cr 3 Al in the D0 3 structure has been considered theoretically before and has been calculated to be ferrimagnetic due to antiferromagnetic coupling between the Cr(I) and the Cr(II) sites with different magnitudes of moment.
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F. X-phase Cr 3 Al
The proposed X phase is a chemically ordered, rhombohedrally distorted phase based on the bcc structure.
14 The primitive unit cell is a rhomboid containing eight atoms along the bcc This structure has not been widely observed or studied. Thus, there is no Strukturbericht designation or accepted parent compound for it. We continue to call it the X phase for the bulk of this paper.
III. EXPERIMENTAL METHODS
Most previous studies of Cr-Al alloys have used bulk samples, although a few studies have focused on the potential applications of Cr-Al thin films as the antiferromagnetic layers in exchange-biased multilayer systems [17] [18] [19] and as thin-film resistors. 20 In contrast to bulk sample growth, thin-film growth often stabilizes nonequilibrium crystal structures, for example, through quenching of films grown at high temperatures, restriction of lattice parameters due to the substrate, and surface energy effects. We have used thin-film growth techniques in order to study the effect of structure on the transport properties of Cr-Al.
Thin films of Cr 1−x Al x , with a thickness of ∼400Å, were grown on MgO(001) and a-SiO 2 /Si substrates to achieve epitaxial and polycrystalline growth, respectively, by codeposition of Cr from an e-beam source and Al from an effusion cell at a rate of 0.4Å/s and a base pressure of 5 × 10 −9 Torr. One series was grown at a substrate temperature of 300
• C, with the Al concentration (x) varied. Another series of films was grown at a fixed Al concentration (x = 0.24) but a varied substrate temperature, from 200
• to 600
• C. We did not attempt growth above 600
• C due to the potential loss of Al above its melting temperature (660
• C). Cr(001) is known to grow epitaxially on MgO(001). 21, 22 The MgO lattice constant is 4.211Å, or about √ 2 larger than that of Cr. The Cr lattice grows 45
• rotated compared to the substrate ([001]Cr || [110]MgO). For pure Cr, the lattice mismatch for this epitaxial relation is 3.9%, while the addition of Al increases the lattice constant and improves the mismatch to approximately 1% at the Cr 3 Al stoichiometry. Epitaxy was verified in situ by reflection high-energy electron diffraction (RHEED), which showed a streaky pattern and ex situ by XRD, which showed fourfold symmetry of the (011) peak in an azimuthal scan at 45
• from normal. In addition, only the bcc (001) orientation is seen in a θ − 2θ scan [see Fig. 3(a) ]. The films grown on a-SiO 2 /Si are polycrystalline, as the a-SiO 2 layer provides an amorphous surface for growth. In addition, it acts as a diffusion barrier to prevent silicide formation at the interface.
The films were patterned lithographically to form a defined geometry for the resistivity measurements. The resistivity was measured from 2 to 300 K by a four-probe technique, averaging forward and reverse currents to avoid thermal voltages. In addition, the I-V curve was confirmed to be linear for each sample.
IV. EXPERIMENTAL RESULTS
The 2 K resistivity of films as a function of Al concentration is shown in Fig. 4 . It shows a clear peak at 25 at% Al, similar to the results for bulk samples. 6, 7 In addition, the temperature dependence of the resistivity is shown in the inset for 23 at% Al for both an epitaxial and a polycrystalline film. The negative temperature dependence is decidedly nonmetallic and similar to what has been seen in bulk.
However, there are significant differences between the thin films and the bulk. In the bulk, the metallic Cr 2 Al phase begins to precipitate at 26 at% Al, leading to a steep drop in resistivity above 25 at%. Thus, it could not be determined previously whether the peak ρ(2 K) at 25 at% Al was related to the formation of a distinct Cr 3 Al phase or whether a peak in ρ(2 K) occurred at 25 at% Al simply due to an accidental confluence of factors: slowly increasing resistivity with x, combined with a sudden drop at 26 at% Al due to precipitation of metallic Cr 2 Al.
In contrast to the bulk, none of our films shown in Fig. 4 (grown at 300
• C) show evidence of the Cr 2 Al phase in XRD, up to 37 at% Al. The resistivity of our films still peaks at 25 at% Al, but the decrease in resistivity for concentrations above 25 at% is much more gradual in the films than in the bulk, still displaying nonmetallic behavior up to about 37 at% Al. This suggests that the peak in ρ(2 K) at 25 at% Al is not related to precipitation of the Cr 2 Al phase but, rather, to an ordered Cr 3 Al structure.
The magnitude of the peak resistivity reaches about 2400 μ -cm in the films but as high as 3600 μ -cm in the bulk. 6, 7 This difference is unexplained as of yet but could be due to a different quality of Cr 3 Al formation in the samples or due to strain in the films, from either thermal expansion or substrate mismatch effects. Figure 4 also shows a noticeable effect of the substrate. The polycrystalline films, grown on a-SiO 2 /Si, have a significantly lower resistivity than their epitaxial counterparts. This is clearly shown in the inset in Fig. 4 , which compares two films grown at the same time on different substrates. The polycrystalline films have not only a lower 2 K resistivity, but also a weaker temperature dependence of resistivity.
This result is surprising at the outset, given that the primary quantities leading to the resistivity are the scattering time τ and the number of carriers n. The addition of grain boundaries adds scattering centers and should decrease τ , leading to higher resistivity. The lower resistivity of the polycrystalline samples implies an opposing, and larger, effect on n, further suggesting that the anomalous transport behavior in this material is due to a band structure effect.
A second series of samples, with 24 at% Al, varied the growth temperature between 200
• and 600
• C. The 2 K resistivity is shown in Fig. 5 . The results show a transition from clearly nonmetallic behavior at lower growth temperatures to more metallic behavior at the highest growth temperatures, as seen in the previous study. 13 These data show the transition around 400
• C, aligning with the proposed phase boundary from X-phase Cr 3 Al to metallic C11 b Cr 2 Al + Cr (Fig. 1) . Indeed, the epitaxial films grown at 500
• C show C11 b superlattice peaks at the bcc (0 0 2 3 ) position, 23 while films grown at low temperature do not, as shown in Fig. 3(b) .
The transition from nonmetallic to metallic behavior is much sharper in the polycrystalline films than the epitaxial films. In addition, the high-temperature-grown polycrystalline films are much more metallic than the epitaxial ones. The difference in behavior between the epitaxial and the polycrystalline films is not exactly clear, but one possibility is due to different formation of the C11 b phase in these films.
Although the proposed Cr-Al phase diagram shows a twophase region of C11 b Cr 2 Al + Cr for the Cr 3 Al concentration (Fig. 1) , our XRD data are indicative of a single-phase offstoichiometric C11 b Cr 3 Al [Cr 2 (Al 1−δ Cr δ )] for the epitaxial films grown at 500
• C. The structure is shown in Fig. 2(d) . This is consistent with the findings for the 600
• Cgrown thick film in the previous study.
13 Figure 3(c) shows that the (0 0 2) peak in XRD does not split as it would in the case of two-phase C11 b Cr 2 Al + Cr. The position of the (002) peak shifts to the right with increasing growth temperature, due to tetragonal distortion. We also see that c, the axis along which ordering occurs, points preferentially in the out of plane direction. Due to the tetragonal distortion of the C11 b structure, the different a and c lattice constants would also lead to a split diffraction peak if c were randomly oriented throughout the film.
The formation of single-phase C11 b Cr 3 Al in our epitaxial films, although it does not occur in the phase diagram, is not surprising. Samples grown using vapor deposition techniques often show nonequilibrium structures, due to the kinetics of phase nucleation. In addition, surface energy effects during growth can cause ordering to occur preferentially along a certain direction, which can explain the orientation of the C11 b c axis in the out-of-plane direction. Finally, epitaxy may cause one phase to be preferred over another due to a better lattice constant match with the substrate or a preferential orientation due to a constraint on the lattice constant in the in-plane direction.
V. THEORETICAL METHODS
Density functional theory calculations of all structures considered were done using the AKAIKKR code, so that the results for the different structures could be compared directly. AKAIKKR is a full-potential density functional Green's function approach based on the Korringa-Kohn-Rostoker (KKR) multiple-scattering technique. [24] [25] [26] This technique was chosen for its ability to treat site disorder, which was necessary for the bcc solid solution and off-stoichiometric C11 b Cr 3 Al structures. Disorder is treated using the coherent potential approximation. 27, 28 The number of irreducible k points used for Brillouin-zone integration was between 3009 and 3276 for the different structures. The scalar relativistic approximation was used and the generalized gradient approximation (GGA) was used to approximate the exchange-correlation energy. 29 For the X-phase Cr 3 Al structure, additional calculations were done in order to better understand the nature of the pseudogap found in the KKR calculations. These calculations were done using a planewave pseudopotential code, QUANTUM ESPRESSO, 30 as well as a full potential linear muffin-tin orbital approach (FP-LMTO). 31 The Perdew-Burke-Erzenhof formulation of the GGA was used to describe exchange and correlation. 32 Ultrasoft pseudopotentials were used for all of the plane-wave calculations. For this study, we used the Cr pseudopotential from the study by R. Soulairol et al., 33 which we found to provide better results for bulk Cr compared to other available pseudopotentials in the QUANTUM ESPRESSO distribution, specifically Cr.pbe-sp.van.UPF and Cr.pw91-spvan.UPF. An energy cutoff of 40 Ryd was used for the plane-wave expansion to describe the wave functions. The charge density and potential were determined using a 400-Ryd energy cutoff. Brillouin-zone sampling was done using a 24 × 24 × 24 Monkhorst-Pack grid. The general parameters (exchange correlation, k-point mesh) were identical for the FP-LMTO calculations. Angular momentum channels up to l = 3 were included in the FP-LMTO calculations. The tetrahedron approach was used to calculate the density of states (DOS) in the FP-LMTO calculation. The plane-wave pseudopotential DOS calculation used a Methfessel-Paxton smearing energy of 68 meV.
VI. THEORETICAL RESULTS
Because pure Cr is a well-studied system, we compare our calculations for Cr to experiment to verify that we have chosen appropriate parameters. The calculated Cr lattice constant is very close to experiment (2.882Å calculated, 2.885Å experimental). In addition, the bulk modulus is extremely close (1.86 Mbar calculated, 1.97 Mbar experimental). Pure Cr has a spin density wave (SDW) incommensurate with the lattice that is computationally difficult. Not only does it require a large unit cell, but also it is, as of yet, not found to be the minimum energy state in current density functional theory calculations. 34 For these reasons, we simplify and assume the commensurate SDW (simple antiferromagnetism) for Cr. We obtain a larger magnetic moment than experimentally observed (1.1 μ B calculated, 0.60 μ B experiment, 9 in the commensurate SDW phase). The large calculated Cr moment is consistent 085120-5 with calculations in the literature and is due to overestimation of the moment by the GGA.
34 Table I lists the relevant calculated parameters for the Cr 3 Al structures. The second and third columns show the lattice parameters and magnetic state. Both the calculated bcc solid solution and the X phase have similar lattice parameters to experiment. The rhombohedral distortion of the X phase is small, and if it occurred in many small domains, as seen experimentally by den Broeder, 14 the distortion would not be seen in XRD. The Cr 2 Al phase, on the other hand, has a significant tetragonal distortion, which is seen experimentally. 23 The D0 3 phase has cubic symmetry, but a significantly larger lattice constant than the experimental value. All of the calculated structures show antiferromagnetic order except D0 3 , which shows ferrimagnetism. This is consistent with previous calculations 12 and the well-known Heusler Slater-Pauling behavior. 35 Further details of the magnetic configurations, including magnetic moments on the Cr atoms, have been given previously. 13 Thus, the Cr 3 Al experimental data are not consistent with the D0 3 structure.
The total energy per atom, relative to the minimum energy system, is shown in the fourth column in Table I . The X-phase structure has the lowest energy, suggesting that it is the low-temperature stable phase for the Cr 3 Al stoichiometry, as suggested in the proposed phase diagram [ Fig. 1(b) ]. The bcc solid solution, C11 b Cr 2 Al + bcc Cr two-phase system, and C11 b Cr 3 Al structure have the next lowest energies, consistent with their being stable phases at higher temperatures. Finally, the D0 3 structure has a significantly higher energy.
The bcc solid solution, C11 b Cr 3 Al, and the C11 b Cr 2 Al + bcc Cr two-phase system have some degree of disorder. This suggests that entropy of mixing drives the transition from the Cr 3 Al X phase. The energy difference between the X-phase Cr 3 Al structure and the bcc solid solution is about 0.042 eV. In a model including only the entropy of mixing, the order-disorder transition between these two structures should be about 600
• C, within the range of the transition on the proposed phase diagram. The C11 b systems are more difficult to model because of the lattice distortion and, in the case of the two phase system, the temperature-dependent solubility of Al in Cr and in C11 b Cr 2 Al. The D0 3 structure has no more disorder than the X-phase structure and therefore should theoretically never occur in the equilibrium phase diagram based on energy or entropy.
The fifth column in Table I lists the DOS at E F . It should be noted that because Cr and the Cr-Al alloys have a pseudogap at E F due to antiferromagnetism, the DOS varies sharply near E F and the exact value of the DOS(E F ) depends somewhat on the input parameters of the calculation. The DOS curves have been shown previously. 13 To compare the calculated values of DOS(E F ) to the experimental values, we adjust experimental values for the Sommerfeld coefficient (γ ) from the literature by the factor (1 + λ). We used λ = 0.34, one of the reported values for Cr. This value was calculated based on the Sommerfeld coefficient from specific heat measurements and a previously accepted value for the DOS(E F ). [36] [37] [38] [39] [40] This is a fairly typical value for λ in the transition metals, however, reported values for λ in Cr vary. [41] [42] [43] No values of λ have been reported for Cr 3 Al. Our calculated DOS(E F ) for Cr is lower than the experimental value by 15%, showing the approximate level of error in DOS(E F ) calculations. X-phase Cr 3 Al has the lowest DOS(E F ) by more than a factor of 2, closest to the experimental value based on the Sommerfeld coefficient for Cr 3 Al.
The decreased DOS(E F ) in X-phase Cr 3 Al is due to a semimetallic band structure, as calculated by KKR. The full band structure has been shown previously, 13 and a closeup of the region around E F is shown in Fig. 6(e) . Figure 6 shows the evolution of the band structure from Cr to Cr 3 Al as X-phase ordering and antiferromagnetism are added to the calculation. Figure 6 (a) shows the band structure of pure, nonmagnetic Cr, which is well known. 44 Figure 6 band structure appears when plotted in the rhombohedral zone used for X-phase Cr 3 Al. The DOS, shown to the right of each band structure, is, of course, identical. The antiferromagnetic pseudogap in Cr occurs where the bands cross at -M and -R, and at one of the crossings in -X in the cubic zone. In the rhombohedral zone, this corresponds to gaps at the band crossings at -L and -T and one of the band crossings at each of -F and T -F [ Fig. 6(c) ]. This leaves bands still crossing E F around the F point, allowing significant electronic transport and metallic behavior, as expected for Cr.
In nonmagnetic X-phase Cr 3 Al, shown in Fig. 6(d) , significant band hybridization is seen compared to Cr. The addition of antiferromagnetism, shown in Fig. 6(e) , shifts the bands farther apart, leaving bands crossing E F only slightly at the F and T points. This results in a very low DOS and pseudogap, shown in the panel at the right.
The mechanism for the opening of the antiferromagnetic pseudogap is different in Cr and Cr 3 Al. In Cr, the antiferromagnetism doubles the unit cell from one atom (bcc) to two atoms (one up, one down, in a simple cubic unit cell). Thus, the band structure in the bcc zone is folded into the cubic zone, and where the bands cross, they open up to form a gap. 44 In X-phase Cr 3 Al, the unit cell is the same for the nonmagnetic and antiferromagnetic case [eight atoms or Cr 6 Al 2 ; see Fig. 2(f) ]. The band structure responsible for the pseudogap is already apparent in nonmagnetic X-phase Cr 3 bands farther apart, so that the band edges are very close to E F , and thus lowers the total energy of the system.
Despite the different mechanisms, the result of antiferromagnetism is similar in Cr 3 Al and Cr. In both cases, the antiferromagnetism eliminates bands crossing E F along -F , -L, and -T . The X-phase ordering in Cr 3 Al hybridizes the bands so that very few states (if any) appear at E F around F and T . The combination of antiferromagnetism and X-phase ordering results in the observed semimetallic band structure and very low DOS(E F ) from KKR calculations.
Density functional calculations often underestimate the band gap in materials, sometimes showing overlapping bands even in materials known to have a full band gap. 45 The DOS calculated using the KKR approach shows a small finite DOS at the Fermi energy, indicating a semimetal. Since very little experimental or theoretical work has been done on the X phase of Cr 3 Al, we also performed complementary calculations using both a plane-wave approach (QUANTUM ESPRESSO) and an FP-LMTO approach. Figure 7 compares the calculated DOS for the three approaches. It is clear that, overall, the different theoretical approaches are in good agreement and produce similar features in the DOS near the Fermi energy. The QUANTUM ESPRESSO calculations predict a small but complete gap of 200 meV and valence bands that are shifted to a lower energy compared to the KKR and FP-LMTO approaches. The FP-LMTO DOS calculations also reveal a band gap, albeit a smaller one, of 40 meV.
The discrepancy between the different approaches on the presence and size of the band gap could be due to several factors. Ultrasoft pseudopotentials are known to overestimate the magnetization energy in transition metals and this error is generally larger when the GGA is used. 46 Both the KKR and the FP-LMTO techniques are all-electron approaches so they avoid this problem. Another source of error could come from the calculation of the DOS in the KKR framework. The DOS in this case can be expressed in terms of the system Green's function as
due to the fact that the Green's function is analytic everywhere in the complex plane except the real axis. In practical calculations, we add a small imaginary component, η, to the energy. This imaginary component leads to an artificial broadening of the DOS which can be expressed as a Lorentzian with a halfwidth of η. For the calculations shown in Fig. 7 , an imaginary component of 1 meV was used. Broadening due to this source would be insufficient to explain the entire difference between the KKR and the FP-LMTO results. However, given that density functional calculations underestimate the experimental band gap, it is reasonable to assume that a perfect X-phase Cr 3 Al crystal would be a small-band-gap semiconductor.
VII. DISCUSSION
Thus, the semiconductor-like behavior in Cr 3 Al can be explained by X-phase-type chemical ordering and antiferromagnetism leading to a gap in the DOS. It is likely that a perfect crystal of X-phase Cr 3 Al would be a true narrow-gap semiconductor with a band gap greater than 40 meV. Experimental estimations of the gap energy range from 10 to 95 meV. 5, 6, 47, 48 However, real samples thus far show the X phase occurring in very small domains presumably separated by antiphase boundaries.
14 This disorder could smear the band edges or introduce defect states. 49 The experimental observations of Cr 3 Al are consistent with a small but finite DOS(E F ): the electronic contribution to the specific heat is nonzero, and the electrical resistivity increases with decreasing temperature algebraically rather than exponentially. This indicates either a semimetal (slightly overlapping flat bands at E F ) or a degenerate semiconductor (E F just inside the band edge). The negative dependence of resistivity on temperature is most likely due to localization phenomenon or a rapidly varying DOS(E F ), rather than true activated behavior.
A band gap can only occur in a material with an even number of valence electrons per unit cell in order to completely fill the valence band. So how can Cr 3 Al, with 21 electrons per formula unit, have a band gap? The gap is possible because the primitive unit cell of the X phase, shown in Fig. 2(f) , is actually Cr 6 Al 2 , with a total of 42 valence electrons per unit cell. This aspect of the X-phase structure sets it apart from the other structures, which, although they may have a low DOS(E F ), have an odd number of valence electrons per unit cell and therefore must have partially filled bands crossing E F .
This study of the possible types of chemical ordering of Cr 3 Al on the bcc lattice has important implications for materials design of transition metal compounds. It is clear from the calculated lattice constant and ferrimagnetic character of D0 3 Cr 3 Al that the bulk samples reported in the literature and the thin-film samples reported here do not occur in the D0 3 structure. The energy calculations show that the D0 3 structure should not occur at all under equilibrium conditions. However, as shown in this paper with regard to C11 b Cr 3 Al, nonequilibrium structures may occur for thin-film growth due to kinetics, surface energy effects, or epitaxy. Because there are four other structures that are favored energetically (and, in some cases, entropically), it seems unlikely that the D0 3 structure could be formed. However, if D0 3 Cr 3 Al were desired, for example, for study as a possible half-metal, 12 one direction of research would be to take advantage of the difference in lattice constant and grow ultrathin epitaxial films. The calculated D0 3 Cr 3 Al lattice constant actually has an exceptionally good lattice match to MgO (0.1%) but has not appeared in any of the 400-Å thin films on MgO reported here. Growth of an ultrathin (unrelaxed) film may have more potential.
The Heusler structure (D0 3 for binary and L2 1 for ternary compounds) is fairly common, occurring for hundreds of transition metal-main group compounds. Cr 3 Al, with X-phase ordering as the equilibrium state, is an exception to this scheme. This may represent a lower limit on the number of valence electrons in the unit cell for the Heusler structure to form. There are 21 valence electrons in the formula unit of Cr 3 Al, while Heusler alloys are usually studied in the range of 22-31 valence electrons. 35 Thus, similar compounds containing transition metals from the left side of the periodic table should be studied for X-phase-type ordering like that seen in Cr 3 Al.
VIII. CONCLUSION
In summary, we used both experimental thin-film growth methods and theoretical density functional theory calculations to show how a combination of antiferromagnetism and Xphase chemical ordering leads to a gap in the band structure of Cr 3 Al. Our experimental data correlate a transition from nonmetallic to metallic transport behavior around a 400
• C growth temperature, with the previously proposed structural phase transition (X phase → C11 b ) occurring around the same temperature. Theoretically, the proposed X phase is found to be the lowest energy structure of those considered, implying that it should be the equilibrium structure occurring in nature. The commonly seen D0 3 (Heusler) structure is not observed and, based on calculations of total energy, is unlikely to occur. In light of these results, further characterization of the X-phase would be worthwhile.
